Abstract. Wind generation curtailments can occur in power systems as wind penetration increases. An alternative to curtailments is Power to Gas (P2G). The fundamental idea of P2G is to use the surplus energy, that cannot be incorporated to the power system, to produce hydrogen (H2) using an electrolysis process. The hydrogen is reacted with CO2 to produce methane (CH4) that can be injected to the natural gas pipeline network. Hence, natural gas is used an energy store system. This paper presents the results of a study of the development perspectives of P2G in Spain.
Introduction
One of the pilars of the European strategy on reductions of CO2 emissions is the development of renewable energy sources. The distinct feature of some of renewable energy sources (wind, solar) is their intermittent and nondispatchable nature. Despite of the progress for the increase of penetration of renewable energy sources in power systems, some limitations still exist and Transmission System Operators impose limits to the penetration of renewable energy sources in some scenarios of the power system operation and in some areas of the system as well. It results in curtailments of wind generation.
An alternative to curtailments that it is being paid attention is called "Power to Gas (P2G)" [1] . The fundamental idea of P2G is to use the surplus energy, that cannot be incorporated to the power system, to produce hydrogen (H2) using an electrolysis process. The hydrogen is reacted with CO2 to produce methane (CH4) that can be injected to the natural gas pipeline network. Hence, natural gas is used an energy store system. This paper presents the results of a study of the development perspectives of P2G in Spain. The study has comprised: the estimation of wind generation curtailments in future scenarios of the Mainland Spain power system (2020 and 2030), the identification of the CO2 sources and the economic analysis of typical P2G plants. The key part of the study is the estimation of wind generation curtailments in future scenarios of the Mainland Spain power system. The ROM model has been used for such purpose [2] .
The paper is organized as follows: section 2 reviews past wind generation curtailments in the mainland Spanish power system; section 3 describes the ROM model and its validation by comparing actual and simulated operation of 2014 scenario of the Mainland Spain power system; section 4 estimates future wind generation curtailments in 2020 and 2030 scenarios of the Mainland Spain power system; section 5 contains results of the economic analysis of a P2G plant; section 6 provides the conclusions of the paper.
Review of past wind generation curtailments in the Mainland Spain power system
This section reviews past wind generation curtailments in Mainland Spain power system. Wind generation curtailments in the Mainland Spain power system can occur in two different circumstances:
 In operation planning. In case of constraints imposed by the lack of grid capacity. Grid constraints are identified after the daily market clearing.  In real time operation. In case of constraints due to by the system constraints (lack of upward and downward reserves). System constraints and identified in real time operation.
The Spanish Transmission System Operator (Red Eléctrica de España) provides through the information system of the system operator detailed information of the wind generation curtailments [3] . Figure 1 shows the variation of wind generation curtailments in due to grid constraint management after the daily market clearing from 2011 through 2014. Wind generation curtailments are around 20 GWh per year. Figure 2 depicts the variation of wind generation curtailments is due to system constraint management in real from 2011 through 2014. They depend very much on the year. Wind generation curtailments were more than 1000 GWh in 2012 and about 500 GWh in 2014. Hence, curtailments due to lack of system reserves are much larger than curtailments due to lack of grid capacity in the Mainland Spain power system. The number of hours with wind generation curtailments is worth to be investigated. Figure 3 displays the wind generation curtailments duration curves from 2011 through 2014. It indicates that the number of hour with wind generation curtailments was around 500 hours in 2013.
Wind generation curtailment (GWh) Figure 3 : Past wind generation curtailments-duration curves.
The historical analysis of wind generation curtailments in the Mainland Spain power system has provided indications of upper bounds of the magnitude and duration of wind curtailments: 1000 GWh and 500 hours.
The ROM model
Future wind generation curtailments are estimated using the ROM Model (Reliability and Operation Model for Renewable Energy Sources).
The model objective is to determine the technical and economic impact of intermittent generation (IG) and other types of emerging technologies (active demand response, electric vehicles, concentrated solar power, and solar photovoltaic) into the medium-term system operation including reliability assessment. Results consist of generation output including IG surplus, pumped storage hydro and storage hydro usage, and adequacy reliability measures. The benefits associated to improve IG predictions can also be determined by changing the forecast error distributions and re-running the model.
The main features of the model:
 A daily stochastic optimization model followed by a sequential hourly simulation. This system modeling in two phases reproduces the usual decision mechanism of the system operator. Detailed operation constraints such as minimum load, ramprate, minimum up-time and downtime of thermal units and power reserve provision are included into the daily stochastic unit commitment model. The hourly simulation is run for the same day to account for IG production errors, demand forecast errors and unit failure and therefore revising the previous schedule.  A chronological approach to sequentially evaluate every day of a year. Decisions above this scope as the weekly scheduling of pumped storage hydro plants are done internally in the model by heuristic criteria. Yearly hydro scheduling of storage hydro plants is done by higher hierarchy models, as for example, a hydrothermal scheduling model.
Other features (although they will not be used in this study) of the ROM model are:
 The transmission network is represented by a DC load flow with ohmic losses approximated by a piecewise linear function.  Monte Carlo simulation of many yearly scenarios that deal with IG or hydro inflows stochasticity Figure 4 shows both the input and output data sets of the ROM model. The accuracy of the ROM model is assessed simulating the 2014 scenario of the Mainland Spain power system [4] . Table I Future wind generation curtailments will be estimated in the short-and medium-term time horizons: 2020 and 2030 respectively.
2020 scenario
In the short-term time horizon (2020), only demand variation and small variation of installed capacity will take place. Table IV details the assumed installed capacity in 2020 [5] . It is compared with the installed capacity in 2014. Several study cases have been considered in the 2020 time horizon depending on the demand growth, the hydro production and wind production profiles. Low, average and high demand growth assumes yearly demand growth of 1.7 %, 1.9 % and 2.3% respectively [5] . Up to nine study cases have been considered. Table V provides the attributes of those nine cases. 
Study cases
Table VI summarizes the ROM model wind generation curtailments (GWh and hours) for the nine cases proposed in Table V . Higher demand growth means lower wind generation curtailment. In contrast, higher hydro inflows results in higher wind generation curtailments. It has also found that the hourly wind generation affects significantly to the wind generation curtailments. Wind generation curtailments are between 440 and 3680 GWh and use to take no longer than 900 hours per year. Figure 5 displays the wind generation curtailment duration curves that provide a first-a-glance understanding of the magnitude and duration of wind generation curtailment. 
Wind generation curtailment (GWh) Figure 5 : 2020 wind generation curtailments-duration curves.
2030 scenarios
In the medium-term time horizon (2030), significant variation of installed capacity will take place together with the demand growth. Two visions of the evolution of the installed capacity are considered [6] . Table VII details the assumed installed capacity in 2030. It is also compared with the installed capacity in 2014. Several cases will be considered in the 2030 time horizon depending on the demand growth, the hydro production and installed capacity evolution. Up to nine study cases will be considered. Table VIII provides the attributes of those nine cases. Table IX summarizes the ROM model wind generation curtailments (GWh and hours) for the nine cases proposed in Table VIII . Highly renewable vision 3 results in huge wind generation curtailment. Otherwise, wind generation curtailments are very low. Figure 6 confirm the clear distinction between visions 1 and 3 of the evolution of the installed capacity. 
Study cases
Wind generation curtailment (GWh) Figure 6 : 2030 wind generation curtailments-duration curves.
Economic analysis of P2G plants
The economic feasibility of P2G plant does not only depend on the number of hours that can operate. There are other factors that affect it. An interactive tool has been designed to assess the economic feasibility of a P2G plant and to conduct sensibility studies that provide a better understanding of the factors that determine it. The internal rate of return (IRR) of the investment is proposed to assess the economic feasibility of a P2G plant [8] .
The input data to the tool are: The impact of the operating hours of the plant is investigated now. Figure 8 shows the IRR as a function of the seller price of natural gas for two scenarios of operating hours (3000 and 3400 hours). As the operating hours increase, the profibility threshold is achieved for lower selling price of natural gas. The impact of the buying electricity price is discussed now. Figure 9 shows the IRR as a function of the buying price of electricity (5 and 10 €/MWhelec). As the operating buying price of electricity increase, the profibility threshold is achieved for higher selling price of electricity. 
Conclusions
This paper has presented the results of a study of the development perspectives of P2G in Spain. The study has comprised: the estimation of wind generation curtailments in future scenarios of the Mainland Spain power system (2020 and 2030), the identification of the CO2 sources and the economic analysis of typical P2G plants.
